ABSTRACT Previous mutagenesis studies with bacteriorhodopsin have shown that reprotonation of the Schiff's base is the rate-limiting step in the photocycle of the D96N mutant, whereas retinal re-isomerization and return of the protein to 
INTRODUCTION
Bacteriorhodopsin is a membrane protein that functions as a light-driven proton pump. Upon light absorption, retinal, which is covalently linked to Lys 216, is isomerized from the all-trans to the 13-cis configuration, and the resulting protein conformational changes trigger the release of a proton from the Schiff's base into the extracellular medium. At physiological pH, the release of a proton into the extracellular medium coincides with deprotonation of the Schiff's base (Grzesiek and Dencher, 1986) . At least three distinct stages are involved in the regeneration of the initial bacteriorhodopsin state at or near neutral pH: i) reprotonation of the Schiff's base by Asp 96, ii) proton uptake from the cytoplasmic medium leading to the reprotonation of Asp 96, and iii) protein-mediated, thermal re-isomerization of retinal from the 13-cis to the all-trans configuration, together with return of both retinal and the protein to the starting bacteriorhodopsin state. The coupling between retinal re-isomerization and proton uptake is thought to be central to the successful completion of the photocycle (Fodor et al., 1988) .
Spectroscopic measurements have shown that formation and decay of a series of optical intermediates (J, K, L, M, N, and 0) provide convenient markers for the protein and retinal structural changes that occur during the photocycle.
In particular, spectroscopic studies of site-specific mutants in which the kinetics of proton uptake, or retinal re-isomerization, are strongly affected have provided useful insights into the molecular mechanisms underlying the late stages of the photocycle (Lanyi, 1993; Ebrey, 1993; Subramaniam et al., 1991; Brown et al., 1994) . When Asp 96 is replaced by Asn (D96N mutant), the photocycle is slowed down by -100 to -500-fold at pH 7 compared to wild-type bacteriorhodopsin, because of accumulation of the M intermediate (Otto et al., 1989; Butt et al., 1989; Miller and Oesterhelt, 1990) . The decay of this M intermediate kinetically corresponds both to the rate of proton uptake and to the rate of reprotonation of the Schiff's base. The kinetic defect in the D96N mutant can be overcome either by lowering the pH, which promotes direct reprotonation of the Schiff's base from the aqueous phase, or by the addition of azide, which appears to act as a catalyst for the reprotonation of the Schiff's base Otto et al., 1990; le Coutre et al., 1995) .
A similar profound effect is observed upon replacement of Leu 93 by Ala (L93A mutant), in which completion of the photocycle is slowed down by -250-fold compared to wild-type bacteriorhodopsin because of the accumulation of a long-lived, red-shifted intermediate (Subramaniam et al., 1991 (Fig. 1) .
These observations, as well as previous studies with wild-type bacteriorhodopsin (bR), can be understood in terms of the following model of the late stages of the photocycle, which incorporates all intermediates in models previously proposed by Lozier et al. (1975) , Lanyi (1993) , and Ebrey (1993) (Fodor et al., 1988) , whereas retinal configuration in the 0 intermediate was found to be a conformationally distorted all-trans retinal form (Smith et al., 1983) . Thus isomerization has been proposed to occur during the No to 0 transition.
The studies of the L93A mutant lead to two possible models for its photocycle. In one scenario, retinal re-isomerization is the rate-limiting step of the photocycle leading to the accumulation of 13-cis N and 13-cis 0 intermediates, which are in equilibrium. Alternatively, the rate-limiting step could involve the completion of retinal re-isomerization and the resetting of the protein, which would lead to the accumulation of 13-cis N and conformationally distorted all-trans 0 intermediates. Independently of which 0 intermediate accumulates, the optically detected transient at A >600 nm provides a convenient marker for steps that occur subsequent to proton uptake.
To further investigate the roles of Asp 96 and Leu 93 in the late stages of the bacteriorhodopsin photocycle, we have measured kinetic and thermodynamic parameters of the photocycle in the L93A, D96N double mutant and compared them with measurements for the single mutants. Some aspects of the photocycle of the L93A, D96N double mutant under strong background illumination, and in the presence of azide were previously discussed in the report by Tittor et al. (1994) . Here, we demonstrate that the two mutations act independently in the double mutant and can be independently "rescued" under the same conditions used for the corresponding single mutants. Furthermore, they also sugprotein conformational changes that occur during the decay of the 0 intermediate must be coupled to (i.e., require) protonation of the Schiff base and are independent of the protonation of Asp 96 from the aqueous medium.
MATERIALS AND METHODS

Construction and purification of mutants
Purple membranes were isolated using standard procedures (Oesterhelt and Stoeckenius, 1974) from halobacterial strains expressing the L93A mutant (Delaney et al., 1995) , the D96N mutant ; kindly provided by Drs. M.P. Krebs and H.G. Khorana) , and the L93A, D96N double mutant (Tittor et al., 1994;  (Cao et al., 1993; Ames and Mathies, 1990; Delaney et al., 1995) , the slow component at 483 nm represents the sum of absorbance changes due to decay of the N and 0 intermediates (decrease in absorbance with time) and recovery of the initial bacteriorhodopsin state (increase in absorbance with time). A net increase in absorbance is observed at this wavelength because the contribution from the 0 intermediate to the absorbance at 483 nm is negligible, and because the extinction coefficient of bacteriorhodopsin is higher in comparison to the N intermediate (Lozier et al., 1975) .
The source of the continuous background illumination was a 150-W slide projector whose light was filtered with a red (A > 620 nm) cut-on filter. This wavelength range allows preferential illumination of the 0 intermediate while minimizing excitation of the M intermediate, which can also be photoconverted to bacteriorhodopsin (Ohno et al., 1983) . The intensities used were well within the linear range previously determined for acceleration of photocycling time in the L93A mutant (Delaney et al., 1995) . Under these conditions, the acceleration in time required to complete the photocycle can be modeled as simply being due to light absorption by the long-lived N and 0 intermediates.
Proton kinetics measurements
Kinetics of proton release and uptake were measured in 0.15 M KCI as described (Grzesiek and Dencher, 1986) by taking the difference between absorbance transients at 460 nm recorded on samples with and without the pH indicator dye pyranine (8-hydroxyl-1,3,6-pyrene trisulfonate; Sigma), gest that retinal re-isomerization as well as any subsequent present at a concentration of -35 tLM. Henderson et al. (1990) . In the late stages of the photocycle, the Schiffs base is reprotonated by proton transfer from Asp 96, which, in turn, is reprotonated by proton transfer from the cytoplasm. To determine the relationship between the photointermediate kinetics and proton uptake in the double mutant, the kinetics of pH changes in the aqueous phase were measured using the pH indicator dye pyranine. Previous studies have shown that in the D96N mutant, proton uptake occurs with the decay of the M intermediate (Marinetti et al., 1989; Otto et al., 1989) , and that in the L93A mutant, proton uptake occurs with formation of the 0 intermediate (Delaney et al., 1995) . Fig. 2 (Fig. 3 A) , whereas the decay of the M intermediate is accelerated with decreasing pH in the D96N mutant (Fig. 3 A and Tittor et al., 1989) . As shown in Fig.  3 B, the rate of formation of the 0 intermediate in the double mutant was decreased by >30-fold upon raising the pH from 5.5 to 8. An identical kinetic effect (Fig. 3 B) (Fig. 3, A (Fig. 4, A-C) . Measurements of the rate of ground state re-population show that in the presence of red background illumination, the photocycle of the double mutant was accelerated by -5-fold (compare Fig. 4 , A and B), and the time required for completion of the photocycle was close to that observed for the rate of decay of the M intermediate (compare Fig. 4 , B and C). Under these conditions, the photocycle of the double mutant approached that of the photocycle of the D96N mutant; i.e., M decay was the rate-limiting step of the photocycle. We conclude that in the presence of red background illumination, the slow thermal decay of the 0 intermediate is overcome by light-driven conversion of the N and/or 0 intermediates to the initial bacteriorhodopsin state. As previously observed in the case of the L93A mutant (Delaney et al., 1995) To test whether the slow decay of the M and 0 intermediates could be simultaneously "rescued," photocycle kinetics were measured in the presence of 4 mM azide and red background illumination (Fig. 4 F) (at pH 7; Miller and Oesterhelt, 1990) . The activation energy observed for the rate of decay of the 0 intermediate in the double mutant was determined to be -80 kJ/mol (Fig. 5) . This value is close to the -77 kJ/mol observed in the case of the L93A single mutant (Delaney et al., 1995 The independence of the D96N and L93A mutations is consistent with the different mechanisms that have been proposed for the roles of Asp 96 (as an internal proton donor) and Leu 93 (as a key van der Waals contact residue with retinal) in the photocycle Otto et al., 1989; Delaney et al., 1995 Electron and x-ray diffraction analysis of intermediates in the photocycle of wild-type bacteriorhodopsin and in the D96G mutant have shown that there are significant structural changes in the latter stages of the photocycle (Koch et al., 1991; Subramaniam et al., 1993) . Structural changes at the stage of the photocycle in which the Schiff's base and Asp 96 become protonated appear to be predominantly localized to the cytoplasmic domain (Subramaniam et al., 1993) . In wild-type bacteriorhodopsin, because retinal reisomerization as well as proton uptake from the medium are believed to occur with the formation of the 0 intermediate, it is not possible to clearly distinguish between structural changes that are involved in proton uptake versus those that are involved in subsequent steps involving retinal reisomerization and return of the protein to its initial conformation. However, in the L93A and L93A, D96N mutants, the time scales for protonation of Asp 96 and the Schiff's base are well separated kinetically from later events in the photocycle, for which the decay of the 0 intermediate provides a convenient marker. Our experiments suggest that distinct protein conformational changes must occur in the photocycle subsequent to protonation of the Schiff s base, a hypothesis that can be tested by high-resolution structural studies of intermediates in the photocycle of the L93A and L93A, D96N mutants.
